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Synopsis
An optical orthogonal code' (OOC) is one of attractive research topics for fully optical CDMA
systems. Well-known OOCs are classified into time-spreading type codes, while recent OOCs include
frequency-spreading type codes that can pe generated by innovative FBG encoder technologies. In this
paper, frequency-spreading type OOCs with unequal weights to solve a near-far problem in optical
CDMA systems have been studied. We have proposed that partial codes of MQC are used as the
unequal-weight codes. BER performance is derived by a Gaussian approximation technique. The
capacity of the CDMA system is also obtained. The results show that the proposed OOCs can
provide flexible performance eveI:! when user's received power ratio becomes large.
KEYWORDS: optical orthogonal codes" (OOC), fiber bragg gratings (FBG), variable code weights,
modified quadratic congruence (MQC) codes, unequal error protection
1. Introduction
In Optical CDMA systems, power control and lSI canceling techniques are required to solve a
near-far problem. To increase system flexibility, more simple and more useful techniques are expected
to be developed. For fully optical CDMA systems, use of optical orthogonal codes (OOC)[I, 2, 3, 4] is
indispensable. Most of well-known OOCs are classified into a time-spreading type, while l1ew devices
developed receptly such as arrayed waveguide grating (AWG) [5, 6] ,and ,fiber Bragg gratings (FBG)[7]
can enable frequency-spreading type OOCs. The latter's orthogonal codes open up a new research
field rapidly.
The modified quadratic congruence (MQC) codes[7, 8, 9] and the modified prime (MP) codes[10, 11]
have been proposed for frequency assignment of the frequency-spreading typeOOCs. If variable-weight
OOCs can be found using an intentionally unfair design, it becomes possible that the near-far problem
in optical CDMA systems can be solved by making the most 9f difference in the tolerance of codewords
actively[12, 13, 14]. Though most of the frequency-spreading type OOCs developed in previous works
are designed as fair equal-weight codes, we try to pay attention to consider unfair OOCs with variable
weights in this paper.
The concept of this research is shown in Fig. 1. Our goal is to solve the near-far problem by not
using transmissio.npower control and lSI canceller techniques, but using suitable unfair code design.
As shown in Fig. 2, in order to improve fairness of inte~ference levels among users in the optical
CDMA system, weak codewords are assigned to close range users and robust codewords are assigned
to long-distance users. '
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Figure 2 Optical CDMA system with proposed optical orthogonal codes (OOC).
2. Optical CDMA system with proposed optical orthogonal codes (OOC)
2.1 The l\1QC code
First of all, we review the MQC code. To derive MQC codewords, we calculate the following values
Ya,f3(k) for k E {a, 1,2, ... ,p}.
{
d(k+o)2
Ya,f3(k) = +,8 (mod p) if k = 0,1, ... ,p - 1
o + b (mod p) if k = p
(1)
where p is an odd prime number (p > 2), d (d E {I, 2, 3, ... ,p - I}) and b (b E {O, 1,2, .' .. ,p - I}) are
parameters to distinguish code sets, 0 and ,8 (0,,8 E {O, 1,2, ... ,p - I}) represent codeword numbers
in a code set. The number of code sets is p2 - P and the number of codewords in a code set is p2.
After that, MQC codewords sa,{3(i) are derived from Ya,f3(k) as follows.
s (i)={ 1 ifi=kP+Ya,f3(k)
a,f3 0 otherwise ' (2)
where i = 0,1,2, ... ,p2 + p, k = Li/pJ. Here, the sign LxJ denotes the maximum integer number less
than or equal to x. Obviously, code length N = p2 +P and code weight w = p + 1.
2.2 Optical frequency allocation
We need an optical frequency allocation to demonstrate an optical CDMA system by using the
MQC code. Fig. 3 shows the optical frequency allocation based on the MQC codewords. The i-th bit
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in a codeword is corresponding to the optical frequency Vi (i E {I, 2, ... ,N}). Thus, the number of
frequencies we need is N. When i-th bit in a codeword is one, an optical pulse of fr~quencyVi is used to
transmission of information data. Then, a mixed colored pulse train sequence is generated according
to individual user's codeword sa,{3(i), and it is modulated by on-off keying (OOK). If the information
bit is one, the mixed pulse is transmitted. Different codewords (different frequency combinations)
are assigned to different users. Here, the number i of Vi is called a frequency index. The mixed
pulse consists of w = p + 1 optical frequencies and their frequency index ra,f3(k) corresponding to the
codeword sa,f3(i) is given as follows.
Ta,(3(k) = kp + Ya,f3(k). (3)
2.3 Transmitter and receiver model
The block diagram of transmitter and receiver of the optical·CDMA system using the MQC code
is depicted in Fig. 4. The output of white pulse source is modulated by the information data and fed
into the FBG encoders. Each FBG encoder has some reflecting interfaces inside. On each reflecting
interface, only the optical pulse of the specific frequency is reflected. Because the positions of the
reflecting interfaces varies, the white optical pulse spreads in both of the frequency direction and the
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time direction. Again, the pulse is fed to the FBG encoder. At the second FBG encoder, the reflecting
interfaces are located in reverse order of the first FBG encoder. Then, a time-despreading procedure is
made, and a ~ixed optical pulse which consists of the specific frequency is obtained. The combination
of the reflecting frequency of the FBG encoders is changed corresponding to the MQC code assigned
to each user.
At the receiver, we can easily understand that the same optical circuit with two FBG encoders is
used as an optical filter. When the multiplexed received signal from users is input to the filter, the
specific frequency combination is passed to the output. As a result, the expected user's signal can
be obtained at the output as a peak pulse train. The received data can be detected after the a IE
conversion with the optimum threshold.
3. Optical orthogonal codes with variable weights
The MQC code has superior low correlation property compared with the time spreading type
OOCs. The maximum side-lobe of auto-correlation Aa = 0 and tp.e maximum cross-correlation Ac = 1.
Moreover, the code weight w = p + 1 is comparatively large. However, we must take notice a high
resolution of optical frequency is required in proportion to the code length of N = p2 + p.
From these knowledge, w~ propose use of a partial MQC code for OOC with variable weights shown
as Fig. 5. The parti,al codewords based on MQC codewords are used for unequal error protection.
The code length N is the same.as that of the original code. The correlation. property is also the same
or good. Thus, main properties are inherited from the original MQC code. Suitable code weights are
assigned to users in order to compensate received signal power levels. In this way, the performance
degradation can be suppressible.
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Figure 6 Error free region.
4. Performance evaluation
4.1 .Error free region
First, we evaluate the error free region as a basIc performance. We assume that there are U
users and the different code weights are assigned to them. Codeword OJ of weight Wj· is assigned to
the user-j. All users are always in active and transmit a optical pulse· with average probability of
0.5 by OaK. The background noise of the channel is negligible ,and just only interference between
users is considered. The optical channel has incoherent additive characteristics. Non-linear devices
such as hard-limiters are not used. We derive a condition, called error free region, that all users can
communicate without errors. In the error free region, following conditions a~e satisfied:
U
PiWi> L Pj>"c (i =1,2, ... ,U),
j=I,j#i
(4)
where Pj is the received signal power, Ac is the maximum cross-correlation.
Now, U = 3 is assumed. We also assume that user-1 is a short range user and user-3 is a long-
distance user. Then, the code weights must be given like WI ~ W2 ::; W3. The error free region at
p = 11, WI = 4, W2 = 8 and W3 = 12 is depicted in Fig. 6. The robustness of C3 (see 03 boundary) at
p = 17 and W3 = 18 is' also overlapped on Fig. 6. From the result, it is obtained that robustness of 03
is increased. Compared with the equal-weight design in w = 12, about 1.8 'dB for p = 11 and about
3.5 dB for p = 17 are gained.
(5)
0.1 Gaussian approximation
In this sub-section, we evaluate bit error rate (BER) performance using a Gaussian approximation
technique. If OOK modulation with mark probability of 0.5 is assumed, BER for user-i is given by
~.w. - U-I "'C! .. ~.!!!..L
PBER(i) =. Q( ~ ~. 2 LJJ=I,Jt=~ V-I p+l )
_/U-I "U ~.!!!..LV 4 LJJ=I,Ji=", U -1 p+1
(i=1,2,... ,U),
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where user-i is an expected user, U is the number of active users in the CDMA system, Pj is the
received signal power of user-j, Wj is the code weight of user-j. Here, Q(x) is defin~d as
(6)Q(x) = .~100 e-?dt.
. V 27r x
First, BER performance 'of equal-weight OOC at w = p + 1 is derived as shown in Fig. 7. BER
performance is degraded at large number of users. When p increases, the capacity of the system is
improved. From Fig. 7, the parameter p for required capacity and BER can be obtained.
Next, the proposed OOCs are evaluated. Figure 8 shows BER performance of proposed OOCs.
Here, p == 17 and U users are separated into two groups, where the number of users at group-g is Ug
and the users at group-g have the same received power of Pg and code weight of wg (g E 1,2). In Fig. 8,
U :z 16, Ul = 8 and U2 == 8. The black dots denote long-distance users and the white dots denote
close range users. Referring each pair performance, it can be found that there is -a intersecting point
at BER==10-8 to 10-7• The intersecting points are changed by given variable weights. By taking the
converse point of view, we can compensate unfairness of user interference by changing code weights.
Figure 9 shows BER performance of proposed OOCs at p == 31, U == 31, Ul = 17 and U2 = 16. We
can see similar curves to Fig. 8 The intersecting points are also gained. In addition, at the intersecting
points (balancing points), the same BER can be provided. The reason of this is based. on use of the
Gaussian approximation. .
Finally, BER performance at balancing points by changirig U is derived. Figure 10 shows BER at
balancing point for prime numbers of p == 7,17,31,47 and 67. For low BER at balancing points, large
p is required. Moreover, when the number of active users U is increased, required p is also increased.
For an example, when a required BER is 10-10 , we need p == 31 for 30 users and p == 67 for 80 users,
respectively.
5. Conclusion
In this paper, we considered the frequency-spreading type OOCs with variable weights to solve the
near-far problem for the flexible optical CDMA system. We used partial MQC codes as the variable-
weight codes. BER performance .was derived by the Gaussian approximation technique. The capacity
of the CDMA system was derived and analyzed. It was confirmed that the proposed system could
provide flexibility for the near-far problem.
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